Inbred mice are preferred over outbred mice because it is assumed that they display less trait variability. We compared coefficients of variation and did not find evidence of greater trait stability in inbred mice. We conclude that contrary to conventional wisdom, outbred mice might be better subjects for most biomedical research.
T he laboratory mouse is the most commonly used nonhuman experimental subject in biomedical research 1 . For many decades, inbred mouse strains have been preferred over outbred stocks, with particular strains such as C57BL/6 and BALB/c used in wide-ranging biomedical applications 2 . Inbred mice are preferentially chosen for immunological studies (to prevent alloimmune responses), population genetic mapping (to allow diallele crosses for known genetic markers), and molecular genetic studies (to avoid background effects in mutagenesis and transgenics). The more general preference for inbred strains across biomedicine stems from the conventional wisdom that these animals should demonstrate less withinstrain phenotypic variability than outbred animals, because in any given inbred strain phenotypic variability (V p ) equals environmental variability (V e ), whereas in outbred animals genetic variability (V g ) is present in addition to V e and geneenvironment interaction (V ge ). If this assumption were valid, statistical power could be maintained with fewer inbred mice compared with the number needed in outbred-strain-based experiments, which would present practical and ethical advantages. However, the evidence for lower phenotypic variability among inbred mice is mixed, with some early (e.g., ref. 3 ) and more recent (e.g., ref. 4 ) studies explicitly suggesting otherwise. Nonetheless, the idea that genetic heterogeneity leads to greater phenotypic variability is compelling, and its proponents argue against the use of outbred stocks in biomedical research (e.g., refs [5] [6] [7] ). The differences between inbred and outbred mice that might affect their relative utility as experimental subjects are well documented. These characteristics were often selected during the development of the inbred strains as models for particular diseases. Inbreeding depression leads to poor fecundity; for example, inbred breeders produce between 3 and 9 pups per litter on average 8 , whereas CD-1 (ICR) breeders produce 12 pups per litter 9 . Inbred mice are also extremely small compared with outbred mice (average weights of 70-dayold males: inbred, 25.4 g; outbred, 34.7 g) 7 .
Other aberrations compared with traits of outbred (and wild-derived) mice are less well known and include abnormal stress/ anxiety and aggression responses 10, 11 , activity levels 12 , and social behavior 13, 14 . Because of the strong selection for nonlethal alleles in the homozygous state, the development of inbred mice may have led to a relaxation of selection pressure on otherwise fitnessrelated genes, thus resulting in strains that are "not merely idiosyncratic, but idiosyncratically debilitated" 15 . Corrected: Author Correction comment outbred mice were tested for the same trait contemporaneously. Our approach was similar to a previous effort comparing variability in male versus female mice 16 . We began by searching the primary Englishlanguage biomedical literature available on MEDLINE, using the MeSH terms "mice, " "animals, inbred strains, " and "animals, outbred strains, " with an AND logical operator. To broaden our search, we also used text strings corresponding to popular inbred strains (for example, "C57 OR B6, " "BALB, " "C3H, " and "DBA") and outbred stocks ("Swiss, " "ICR, " "SW, " and "CD-1 OR CD1"). Finally, we supplemented our search results with papers from the senior author's database that fit our criteria. Our search was completed in April 2017 and included 107 published articles, with 741 distinct comparisons of the coefficient of variation (CV) for inbred versus outbred mice. Raw data are provided as Supplementary Table 1 . Inclusion criteria ( Supplementary Fig. 1 ) were based on the presence of quantitative data-including means, either s.d. or s.e.m., and sample sizes (n)-from intact adult mice of at least one commercially available inbred strain and at least one outbred mouse stock representing the results of a single experiment. In papers with more than one eligible dataset, we limited CV reporting to the first three reported measures to avoid data oversampling, excluding some available data in 48 papers. Data were also excluded if either means or variances equaled zero. The lead author (A.H.T.) extracted available quantitative data from the text (if available) or from graphs by using xyscan software (http://rhig.physics.yale.edu/~ullrich/ software/xyscan/), as well as information pertaining to animal genotype, sex, housing, and specific experimental phenotype.
To test the hypothesis that the variability within a strain differs by strain type, we categorized strains into one of two 'strain types': inbred (I) or outbred (O). For each published dataset, we assigned one of seven trait categorical labels-anatomy, behavior/ CNS, behavior/other, immune function, molecules, and organ function-which yielded approximately equal partitioning of the available datasets (n = 31-50 per category). We then determined the CV (equal to the s.d. divided by the mean) for each strain reported in all studies. Using general linear mixed models, we assessed the main effect of strain type (I or O), with strain and/or study as random effects. We found that strain type did not have an effect on within-strain variability regardless of the trait category (Fig. 1) , the particular selection of mouse strains included in the study, or the study itself. In each of these models, there was no significant effect of strain type on within-strain CV (all P > 0.05; Supplementary Table 2) .
In addition to assessing phenotypic data in the primary literature, we tested our hypothesis directly by using a large phenotyping dataset collected as part of a study on the new diversity outbred (DO) population at The Jackson Laboratory 17 . We directly compared CVs from (inbred) founder strains and the outbred DO populations derived from the founder stock on contemporaneously collected measures, using data publicly available in the Mouse Phenome Database (https://phenome.jax.org/).
We compared the inbred-strain CVs, computed per strain and per measure, with the average DO-population CV obtained from 1,000 bootstrap subsamples. Each DO subsample was constrained to eight males and eight females, which allowed us to compare CVs computed with equal sample sizes. For each measure we carried out two one-sided t-tests to determine whether the inbred CV was greater than or less than the DO CV, adjusting P values for multiple testing via the method of Benjamini and Hochberg and using a false discovery rate (FDR) < 0.05 as the significance threshold.
In only 6 of 26 measures was the inbred CV lower than the outbred CV (Fig. 2, Supplementary Table 3 ). For 3 of 26 measures, the inbred CV was greater than the DO CV. For all other measures there was no statistically significant difference. Thus, in most instances the inbred population was not less noisy than outbreds. This also demonstrates that DO mice are phenotypically stable for experiments using sample sizes similar to those in inbred-strain studies.
The expectation that inbred strains, lacking genetic heterogeneity, will display less phenotypic variation than outbred stocks is certainly a reasonable one. However, our review of the literature shows that outbred stocks are in fact not necessarily more phenotypically variable than inbred strains in the same experiments. Furthermore, our analysis of the DO dataset demonstrates that this is true also when precisely the same pool of known genetic variation is being compared in the inbred and outbred populations. The phenotypic variability demonstrated by inbred mice may reflect the unusual (and unnatural) condition of fixed allelic states and allelic interactions. In response to environmental perturbation (e.g., ref. 18 ), the inbred organism has a single state response, whereas the outbred organism has multiple allelic variants throughout each biological pathway, which may be tuned to respond to manipulations 19 . Background genetic variability may have a stabilizing effect on phenotypic endpoints, thus buffering the organism from the idiosyncratic influences of environmental variability, as well as other challenges inherent in experimental manipulations, that can affect outcomes in an isogenic stock 20 . Therefore, the apparently paradoxical observation that the phenotypic variance for inbred strains, attributable only to V e , is equal to outbred phenotypic variance, attributable to both genetic and environmental sources (V g + V e + V ge ), may be due to an expansion of the organismal response to the environment that inflates V e in inbred stocks. comment If genetic variability is a stabilizing force in the determination of phenotypic outcomes, observable variability demonstrated by outbred populations can be defined as an escape from these buffering mechanisms meant to stabilize the phenotypic endpoints in the face of experimental or environmental perturbation. This provides a tractable framework for further genetic analyses to investigate the basis of genotypeenvironment interactions and other sources of individual variability in response to experimental treatment. We therefore conclude that compared with inbred mice, defined outbred stocks from heterogeneous backgrounds (even considering the fact that commercially available outbred stocks are far less genetically diverse than wild mice) are more appropriate and much more cost-effective research subjects in many biomedical research applications, except in cases where precise genotypic regulation or standardization is required (i.e., immunological, genetic, or molecular genetic applications, or where the idiosyncratic inbred strain is a recognized disease model). For most applications, the use of robust and diverse subjects is preferred, so that the conclusions obtained are maximally generalizable across conditions and populations. A lack of such generalizability is almost certainly a major contributor to the current replication crisis; contrary to current expectations, the adoption of outbred mice as research subjects might improve future experimental replicability. For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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